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. Equilibrium thermodynamic and flow properties are presented in tabulated and
graphical form for moving, standing, and reflected normal shock waves in pure argon.
Properties include pressure, temperature, density, enthalpy, speed of sound, entropy,
molecular-weight ratio, isentropic exponent, velocity, and species mole fractions.
Incident (moving) shock velocities are varied from 2 to 18 km/sec for a range of ini-
tial pressure of 5 N/m2 to 500 kN/m2. Working charts illustrating shock-tube per-
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- SUMMARY
Equilibrium thermodynamic and flow properties are presented in tabulated and
graphical form for moving, standing, and reflected normal shock waves in pure argon.
Properties include pressure, temperature, density, enthalpy, speed of sound, entropy,
molecular-weight ratio, isentropic exponent, velocity, and species mole fractions.
Incident (moving) shock velocities are varied from 2 to 18 km/sec for a range of ini-
tial pressure of 5 N/m2 to 500 kN/m2. Working charts illustrating shock-tube perfor-
mance with argon test gas and heated helium and hydrogen driver gases are also
presented.
INTRODUCTION
An investigation was recently performed which reviewed and compared the accu-
racy of various means of determining incident shock velocity in a shock tube and studied
more fully the phenomenon of shock strengths which significantly exceeded theoretical
prediction. (See ref. 1.) Air, carbon dioxide, helium, and argon were used as the test
gas. For the range of shock velocity in reference 1, tables and charts of equilibrium
thermodynamic and flow properties were available from the open literature for air, car-
bon dioxide, and helium. However, a scarcity of such information existed for argon.
More recently, the need to consider equilibrium thermodynamic and flow properties
for argon arose when a shock-tube study using argon was proposed at the NASA Ames
Research Center. Of particular interest in this proposed study, which is in support of
an investigation of a pulsed, self-excited magnetohydrodynamic generator, are the spe-
cies mole fractions (number densities) in the high-temperature region behind the incident
shock. Hence, calculations in support of this study and the study of reference 1 were
undertaken and are reported herein.
This report presents for pure argon (1) charts and tables for use in the determina-
tion of equilibrium thermodynamic properties, flow velocity, and species mole fractions
for incident (moving), standing, and reflected normal shocks, and (2) reasonable estimates
of constant-area shock-tube performance for arc-heated helium driver gas or resistance-
heated hydrogen driver gas. These argon properties were calculated by the computer pro-
gram of reference 2 for a 10-species (e-, Ar, Ar+, Ar++, Ar+++, Ar4+, Ar5+, Ar6+, Ar7+,
and Ar^+) model.
SYMBOLS
a speed of sound, m/sec
B(T) second virial coefficient, cm^/mol
C(T) third virial coefficient, (cm3/mol)2
D(T) fourth virial coefficient, (cm3/mol)3
h specific enthalpy, m^/sec^ or J/kg
p pressure, N/m2 :
P0 reference pressure, 101.325 kN/m2
R universal gas constant, 8.31434 kJ/kmol-K
i • • '
s specific entropy, kJ/kg-K
sW0
-^— nondimensional specific entropy
ti ,
T temperature, K
U velocity, m/sec -;.
Ur velocity of reflected shock, m/sec
Us velocity of incident shock, m/sec
W . molecular weight, kgAmol
Wo molecular weight of unionized argon, 39.944 kg/kmol
Z compressibility factor
Z* number of kilomoles of argon per number of kilomoles of argon
at 300 K, 2
, (l*o\
\9 log p/sW•yv isentropic exponentE *~
£0 percent difference between equilibrium thermodynamic property 0
calculated by present method and that obtained from tabulations of
reference 9 (see eq. (Bl))
p density, kg/m3
po reference density, 1.78096 kg/m3
Subscripts:
1 state of quiescent test gas ahead of incident normal shock
2 state of test gas behind incident normal shock (see fig. 1)
2r state of test gas behind reflected normal shock into region (2) (see fig. 1)
2s state of test gas behind standing normal shock in region (2) (see fig. 1)
3 state of expanded driver gas (see fig. 1)
4 driver-gas conditions at time of diaphragm rupture
CONVERSION FACTORS AND CONSTANTS
Conversion factors (ref. 3) between the International System of Units (SI) and
U.S. Customary Units for the quantities presented in table I and figures 2 to 4 are
1 N/m2 = 9.8692 x KT6 atm = 1.4504 x lO'4 psi = 2.0885 x 10'2 lbf/ft2
1 kg/m3 = 6.2428 X 10'2 lbm/ft3 = 1.9403 x lO'3 slug/ft3
1
1 J/kg = 1 m2/sec2 = 1.0764 x 101 ft2/sec2 = 4.3021 x 10'4 Btu/lbm
1 m/sec = 3.2808 ft/sec = 2.2369 mph
Physical constants appearing herein for pure argon at an initial temperature T<
of 300 Kare
W0 = 39.944 kg/kmol
hj = 1561 kJ/kg
ax = 322.6 m/sec
yE?1 = 1.667
zj = i.ooo
FLOW REGIONS AND COMPUTATION PROCEDURE
The regions of interest for a shock tube are illustrated in figure 1. The driver
gas at the time of diaphragm rupture is designated as region (4), and the quiescent test
gas is designated as region (T) (fig. l(a)). Upon rupture of the diaphragm, an incident
shock wave propagates into region (T) with a velocity Us. The flow conditions imme-
diately behind this shock are denoted as region (2) (fig. l(b)). When the incident shock
wave reaches the end wall of the shock tube, it is reflected back into region (2) (fig. l(c)).
The gas behind the reflected shock wave is brought to rest, relative to the shock tube.
Flow conditions behind this reflected shock wave, which is propagating upstream with a
velocity Ur, are designated as region (2i).
With a blunt model positioned in the driven section of the shock tube, a standing
shock wave is formed at the model, provided the flow in region (2) is supersonic (fig. l(d)).
The flow conditions immediately behind this standing shock are designated as region @).
The conservation relations for an incident normal shock wave into region (J), a
standing normal shock wave, and a reflected normal shock wave are presented in refer-
ences 4 and 5, along with the method of solution. This method of solution of the three
conservation relations for a normal shock wave and the equation of state (which repre-
sents the source of thermodynamic properties for real argon and cannot be expressed in
closed analytical form when chemical processes occur) utilizes an iteration on the den-
sity immediately behind a normal shock wave (that is, p2, p^, or P2r)> and is com-
monly referred to as the method of successive approximations. Iterative tolerances on
density of 0.05, 0.1, and 0.5 percent were briefly examined for values of quiescent test-
gas pressure pj of 10 N/m^ and 100 kN/m^ and incident shock velocity Us from 2
to 18 km/sec. Refining the tolerance on p2» 02s' and P2r from °-5 Percent to 0-1 per-
cent increased computer time by roughly a factor 3 to 4. However, the thermodynamic
properties and velocity in region (2), calculated with these two tolerances, agreed to
, within 0.2 percent, and species mole fractions greater than 10~3 agreed to within 0.5 per-
cent. In the reflected shock region @, thermodynamic properties agreed to within
0.5 percent, reflected shock velocity to within 0.6 percent, and species mole fractions to
within 1 percent. Maximum differences between these two tolerances were observed at
the lower values of Us, corresponding to the initiation of argon ionization. As incident
shock velocity increased, the percent difference in thermodynamic properties, in gen-
eral, decreased and was often zero. This exact agreement (difference of zero) indicated
that the tolerance of 0.1 percent was satisfied in the iterative process even though the
actual tolerance was 0.5 percent. An iterative tolerance of 0.05 percent increased com-
puter time by a factor of approximately 40 in comparison with a tolerance of 0.5 percent.
Considering the large number of cases (combinations of pj and Us) to be calculated,
the required computer time for a-tolerance of 0.05 percent was unacceptable. As a com-
promise between accuracy and computer time, an iterative tolerance on density of 0.5 per-
cent was employed in the present calculations. The procedure for predicting shock-tube
performance is discussed in reference 2. This procedure is commonly referred to as
"simple shock-tube theory," since it is based on a simplified one-dimensional, inviscid-
flow model which assumes instantaneous diaphragm rupture, no shock-wave attenuation,
and a ratio of driver-section cross-sectional area to driven-section cross-sectional area
of unity.
Thermochemical equilibrium properties are obtained by using the procedure of
references 6 and 7, which is based upon minimization of the Gibbs free energy. Basic
assumptions for atomic species are (1) that the mixture is composed of ideal gases
(interatomic force effects are neglected), and (2) that only electronic levels with princi-
pal quantum number less than or equal to 5 are included. For a given pressure and tem-
perature, the free energies for individual species are computed from partition functions
of statistical mechanics. The equilibrium composition is then obtained by minimization
of the free energy. In the present study, iterations on species concentration (number of
kilomoles of species per mass of mixture) were continued until the absolute value of each
species concentration changed by less than 10-12 between successive iterations. This
iterative criterion is referred to in reference 6 as the absolute criterion. A relative
criterion was also employed to prevent termination of the iterations while a minor species
was still changing by as much as 0.1 of its previous value. Because of the expected high
temperatures in regions (2), @, and (2^ for argon over the present range of quiescent
pressure (5 N/m2 S p^ < 0.5 MN/m2) and incident shock velocity (2 ^ Us = 18 km/sec),
a detailed argon model was employed. The species used in the argon model are e~, Ar,
Ar+, Ar++, Ar+++, Ar4+, Ar5+, Ar6+, Ar7+, and Ar8+. Heats of formation and spectro-
scopic constants for these species were obtained from reference 8. Because of the
importance of these data for accurate determination of thermodynamic properties and spe-
cies mole fractions, a listing of the input cards for the data is presented in appendix A.
Accurate solution of the relatively simple conservative relations for incident, stand-
ing, and reflected normal shock waves depends primarily on the real-gas equation of state
(source of equilibrium thermodynamic properties). As discussed previously, the computer
program of reference 2, used to calculate the present results, employs the method of ref-
erences 6 and 7 as the equation of state. Results calculated by the method of references 6
and 7 have been compared with results calculated by other computational procedures for
predicting equilibrium thermodynamic properties of several gases. In reference 7, it is .
concluded that the method of references 6 and 7 calculates first-order thermodynamic
properties for air to within 1 percent and second-order properties to within 5 percent for
T ^ 15 000 K and p ^ 10 MN/m2. Shock crossing results for air and carbon dioxide,
for which the method of references 6 and 7 was employed as the equation of state, were
compared in references 4 and 5 with similar results from independent sources. This
comparison revealed that for both gases, first-order thermodynamic properties and flow
velocities were within 2 percent for T ^ 25 000 K and p S 10 MN/m2. The upper limit
on pressure recommended in reference 7 is to minimize imperfect-gas (intermolecular
.force) effects. Temperatures considered must be limited so that only negligible contribu-
tions are realized from coulomb interactions and from electronic energy levels past the
fifth electron shell. These effects are neglected in the equilibrium program of refer-
ences 6 and 7.
To examine possible differences for argon, comparison between computed thermo-
dynamic properties from the present study and those computed by a second rigorous com-
putational scheme is made and presented in appendix B. Equilibrium argon first-order
properties — density, enthalpy, entropy, and molecular-weight ratio - calculated using
the free-energy minimization method of references 6 and 7 are compared with those tabu-
lated in reference 9. The results of reference 9 represent interpolations to the data of
reference 10. The interpolations were performed to obtain tabulations of thermodynamic
properties as a function of temperature for a given pressure. The computational pro-
cedure of reference 10 considers ionization, corrections for interatomic force effects,
and corrections for coulombic force effects, and thus is a somewhat more rigorous com-
putational scheme than that of references 6 and 7. A six-species (e-, Ar, Ar+, Ar++,
Ar+++, and Ar4*) argon model was employed in reference 10 for temperatures to 35 000 K.
The comparison presented in appendix B shows that the two sources of density, entropy,
and molecular-weight ratio for equilibrium argon are in reasonably good agreement
(within 4 percent) for temperatures from 2000 K to 35 000 K and pressure p ^ 10 MN/m2.
For enthalpy, agreement between the two sources over this temperature range was within
3 percent for p = 1 MN/m2 and within 7 percent for p ^ 10 MN/m2. Increasing the
pressure from 10 MN/m2 to 100 MN/m2 resulted in significant increases in differences
between thermodynamic properties from the two sources. This trend is believed to be
due primarily to interatomic force effects becoming significant at pressures greater
than 10 MN/m2. To provide a rapid method for estimating the pressure-temperature
region in which interatomic effects are significant for argon, the results of reference 11
were used. Simple relations for the virial coefficients, hence compressibility factor,
were obtained from reference 11 and are also presented in appendix B.
In subsequent discussion of the present results, no upper limitations on pressure
and temperature are imposed on the data presented in table I. However, a maximum
pressure limitation of 10 MN/m2 is imposed on the corresponding data shown in fig-
ures 2 to 4. Because of the detailed argon model used herein, no temperature limitation
is imposed on the data in these figures. However, the user of figures 2 to 4 shoiuld exer-
cise discretion for T > 3 5 0 0 0 K .
DISCUSSION OF TABLE AND CHARTS
Table
The solutions for incident (moving), standing, and reflected normal shocks are pre-
sented in table I for pure argon. These tabulated computer results are arranged in groups
of constant pressure in region (T) (PI), and the incident shock velocity (US1) is varied
within the group. In table I, PJ is varied from 5 N/m2 to 500 kN/m2 and Us is varied
from 2 to 11 km/sec in increments of 200 m/sec and from 11 to 18 km/sec in increments
of 500 m/sec.
For each PJ, a complete list of calculated thermodynamic properties (p, T, p,
h, a, sWo/R, Z*, and yg), flow velocity (U), and species volumetric composition is
given for the three shock-tube regions under consideration. The rows in the upper por-
tion of each tabulation, for a given PJ and Us, are identified by letters (FORTRAN










































The lower portion of each tabulation presents the species composition for moving, stand-
ing, and reflected shock regions. Rows are identified by FORTRAN symbols for the
species. (Note that AV denotes Ar5*, AVI denotes Ar6+, and so forth.)
The conditions in region Q) are used to nondimensionalize calculated properties in
regions (2), @, and @). The temperature in region (l) Tj is 300 K for all cases in
table I. Corresponding thermodynamic properties for pure argon in
in the following table:
INITIAL CONDITIONS AHEAD OF INCIDENT
NORMAL SHOCK IN PURE ARGON
JL) are given
Tj = 300 K
a.j = 322.6 m/sec























































No maximum pressure and temperature limitations were imposed on the results of
table I. The user .should exercise discretion in the use of this table for p > 10 MN/m^
or T> 35 000 K.
Charts
Working charts for pure argon (corresponding to the results of table I) are shown
in figures 2 to 4. In these figures, the nondimensionalized thermodynamic properties
and flow velocity for regions (2), @, and @ are plotted as a function of incident shock
velocity Us for various quiescent test-gas pressures. For each property, the incident-
shock-velocity scale is 0 to 18 km/sec for an incident shock into region (l), for a stand-
ing shock, and for a reflected shock. The figures were generated by machine, and linear
line segments were used to connect adjacent data points.
Unlike table I, a maximum pressure limitation of 10 MN/m^ is imposed on the
results of figures 2 to 4. Again, the properties in region (T) presented previously must
be used to obtain the desired value of the thermodynamic property or flow velocity from
the ratio presented. The user of figures 2 to 4 is cautioned to use discretion for
T > 35 000 K.
THEORETICAL SHOCK-TUBE PERFORMANCE
Before a study is performed in a shock tube, it is essential to ascertain the theo-
retical performance for the gas being tested. The wide range of flow conditions and very
short test times (generally, a few jusec to several msec) impose stringent requirements
on shock-tube instrumentation. Thus, in preparing shock-tube instrumentation for a test,
it is necessary that the physical quantities to be measured be known to within reasonable
limits.
Results from the procedure for determining shock-tube performance (ref. 2) for
pure argon test gas are shown in figure 5(a) for heated helium driver gas and figure 5(b)
for heated hydrogen driver gas. In figure 5, the incident shock velocity Us is shown
as a function of the ratio of driver-gas pressure in region (4) to quiescent test-gas pres-
sure in region (l) P4/Pj for various driver-gas temperatures T4. With p4, T4,
and p« known, a theoretical .value of Us may be obtained from these figures. Corre-
sponding thermodynamic properties and flow velocity in regions (2), (£s), and (gr) may be
obtained from figures 2 to 4, or from table I. Variation in pWpj is obtained by vary-
ing pj. The range of T4 is 300 K to 26 000 K for helium driver gas and 300 K to 700 K
for hydrogen driver gas; p4 is equal to 150 MN/m^ for helium driver and equal to
15 MN/m^ for hydrogen driver. At the maximum value of T4 of 26 000 K and p4 of
150 MN/m^, ionization of the helium driver gas is small (Z* is less than 1.05, or so
(ref. 12)), and the results of reference 2 are applicable. Because of the large amount of
computer time required to generate the results of figure 5, the argon model was simpli-
fied (that is, the species considered were reduced to e~, Ar, Ar+, Ar**, Ar+++, Ar^+,
and Ar^+) for. these computations with no loss in accuracy.
CONCLUDING REMARKS
Equilibrium thermodynamic and flow properties are presented in tabulated and
graphical form for moving, standing, and reflected normal shock waves in pure argon.
Properties include pressure, temperature, density, enthalpy, speed of sound, entropy,
molecular-weight ratio, isentropic exponent, velocity, and species mole fractions. Inci-
dent (moving) shock velocities are varied from 2 to 18 km/sec:for a range of initial pres-
sure of 5 N/m^ to 500 kN/m^. Working charts illustrating shock-tube performance with
argon test gas and heated helium and hydrogen driver gases are also presented.
Langley Research Center .





HEATS OF FORMATION AND SPECTROSCOPIC CONSTANTS
FOR IONIZED ARGON
The accuracy associated with the computation of thermodynamic properties and
species mole fractions by means of the free-energy minimization method of references 6
and 7 depends on the spectroscopic-constant and heat-of-formation inputs. Because of
the importance of such input data, a listing of the input cards for species e~, Ar, Ar+,
Ar4"*, Ar+++, Ar^+, Ar^+, Ar^+, Ar^+, and Ar^ is presented. For each species, the
first card contains (i) the chemical symbol for the species, (2) the integer number of
electronic levels considered, (3) a flag which is zero for a monatomic species, (4) a flag
to call a debug subroutine, (5) the molecular weight of the species, (6) the standard heat
of formation of 1 mole of the species at 0 K, in ergs/mol, and (7) the symmetry number
for the species. The cards immediately following the first card for a given species con-
tain the degeneracy of the energy level followed by the energy of the electronic level of
the species in cm-1, for all electronic levels considered. The location of the decimal
point in noninteger numbers is before the first digit. For example, for Ar+ (A+ in
listing), 30 electronic levels are considered, the molecular weight is 39.94345 kgAmol,
the heat of formation is 0.1520235 x 10*4 ergs/mol, and the symmetry number is zero.
For the first electronic level the degeneracy is 6 and the energy is zero, for the second
level the degeneracy is 2 and the energy is 108723.0 cm~l, for the third level the degen-
eracy is 20 and the energy is 132400.0 cm~l, and so forth.
The input cards for species e~, Ar, Ar+, and Ar++ were obtained from the author of
reference 6; hence, for these species, the heats of formation and spectroscopic constants
correspond to the tabulations presented in reference 6. (Note that these values of heats
of formation and spectroscopic constants tabulated in ref. 6 were obtained from the tables
of ref. 8.) Heats of formation and spectroscopic constants for the remaining species
Ar+++, Ar^+, Ar^+, Ar^+, Ar'74', and Ar&+ were also obtained from reference 8. The
reduced list of energy levels in comparison with the numerous energy levels presented
in reference 8 was obtained by grouping terms which were close together in energy as
a single energy level. The equivalent degeneracy for a group was the sum of the degen-
eracies of the energy levels contained within this group. For such a group, the energy
level represents a weighted value based on the values of the degeneracies within the
group.
In the method of references 6 and 7, electrons are treated as an atomic species.
The internal partition function for an electron is its spin degeneracy. Thus, the electron
• is assumed to have a "ground-state" degeneracy of 2 and no electric excitation states.
11
AP-PENDK A
The listing of the required input data for the present 10-species argon model is
as follows (note that Ar4+ is denoted by AIV, Ar^+ by AV, and so forth): .
E- "' ; 1
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10000000+01
20521000+07
0 39941806+02 13900778+15 OOQOOOOO+00
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0 .39940709+02 29946995+15 .OOQOOOOO+OO
00000000+00 90000000+01 11474444+06 30000000+01
90000000+01 27165655+06 150000OO+O2 32415060+06
51408300+06 3000OOOO+O1 56636200+O6 150OOOOO+02
2100OOOO+02 66009200+06 15000000+02 . 7723340O+06
. 0.; 39940161+02 41911702+15 OOOOOOOO+OO
00000000+00 60000000+01 14186999+06 100OOOOO+02












0 39939612+02 55754097+15 00000000+00
OOOOOOOO+OO 800000OO+01 2033350O+07 400OOOOO+01
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COMPARISON OF EQUILIBRIUM THERMODYNAMIC
PROPERTIES FOR ARGON
Tabulations of equilibrium, first-order thermodynamic properties for argon are
presented in reference 9 for temperatures from 300 K to 35 000 K and pressures from
0.013 N/m2 to 1.606 GN/m2. These data were tabulated for various values of pressure,
and the temperature was varied for each pressure. In order to obtain this format for the
tabulations, the data of reference 10 were interpolated and tabulated in reference 9. .The
source of these thermodynamic properties_for argon (that is, ref. 10) employed a six-
species (e~, AT, Ar+, Ar++, Ar+++, and Ar^+) argon model, included second virial coeffi
cient corrections for the interactions: Ar-Ar, Ar-Ar+, and Ar-Ar++, and included the
effect of coulombic forces on the external partition function. The corrections for inter -
i atomic force effects were applied as additive terms to a mixture of ideal gases and
increased with increasing density; correction for coulombic forces represents the first
term in an infinite power series in powers of ionic strength, and thus is a first -order
correction. This latter correction was essentially negligible for T < 20 000 K. For
values of temperature greater than 25 000 K, reference 10 cautions the user that the
correction for coulombic forces represents only a first-order approximation.
To compare argon properties calculated by the method of references 6 and 7 with
those tabulated in reference 9, the subroutine designated as "ROGO" in reference 2 was
used; Required inputs to ROGO, which represents the method .of references 6 and 7, are
pressure and temperature; thereby comparisons for identical values of p and T are
permitted. Comparisons of the nondimensional thermodynamic properties -
density P/PO, entropy sW0/R, enthalpy hWo/RT, and molecular -weight ratio Z* -
between the two sources are presented in figure 6 for a range of temperature from ;
2000 K to 34 000 K and several values of pressure p/P0- In figure 6, the quantity
X 100 . , - , : , : . ;
where <t> may be any of the four thermodynamic quantities given previously, is plotted
as a function of temperature for values of pressure p/po ranging from 0.1 to 1000. For
P/P0 < 100, thermodynamic quantities p/po, sWp/R, and Z* agree to within 4 percent
over the entire temperature range; for p/po < 10, values of hWo/RT agree to within
3 percent over this temperature range, but for p7p0 = 100 and 15 000 K < T < 21 000 K,
the difference increases to 7 percent. For temperatures less than approximately 12 000 K
and P/PO < 100, the thermodynamic quantities from the two sources agree to within
1 4 ; " . ' . ' ' - • • • • ' ; '
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approximately 1 percent. As expected, agreement between the two sources increases with
decreasing pressure (diminishing interatomic force effects); however, for p/p > 100,
figure 6 demonstrates that the user of the method of references 6 and 7 should exercise
discretion in determining thermodynamic properties of argon. This finding, naturally,
applies to the present calculated thermodynamic properties in regions (2), (|^ , and (gr).
To provide a rapid means for estimating interatomic force effects for argon, the
results of reference 11 were.used to obtain simple relations for the viriar coefficients.
The second, third, and fourth virial coefficient data of reference 11 were extrapolated to
a temperature of 25 000 K, and curve fits were applied to these data for a temperature
range from 2000 K to 25 000 K. Since the virial coefficients are functions only of the
temperature, the following relations were obtained:
. ; . . ; . B(T) = 26.6714 -: 1.18333 X lO'3 T + 5.84511 x 10'8 T2
- 1.7535 x'.lO"12 T3 + 2.40564 X 10"17 T4
C(T) = 7.12883 - 1.81714 X lO'3 T + 2.66935 X 10'7 t2
- 1.98066 X ID'11 T3 + 7.05012 X lO'16 T4
- 9.54818 x 10'21 T5
D(T) = 17.20921 - 7.2224 x 10~3 T + 1.51448 x 10'6 T2
- 1.65403 X 10-10 T3 + 9.60161 x 10"15 T4
- 2.80616 X 10-19 T5 + 3.24449 x 1Q-24T6
where the units for the quantities B(T), C(T), D(T), and T are given in the section
"Symbols." The compressibility factor Z is determined from ;
(B2)
Z = 1 + pa B(T) + p2a2 C(T) + p3a3 D(T) (B3)
where a is defined as 1Q-3 Z*/W0. Equations (B2) and (B3) provide a simple means
of estimating interatomic force effects for argon, where interactions involving five or
more argon atoms are neglected and the density and temperature are given. For conven-
ience, the compressibility factor for argon is plotted in figure 7 as a function of pressure
for various temperatures. From figure 7, the value of Z for argon corresponding to
known values of p and T in regions (2), (£s), or (2^ may be determined. At the lowest
temperature presented in figxire 7 (that is, T = 2000 K), the argon is unionized. The
present values of compressibility factor at this temperature are in excellent agreement
15
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(within 0.5 percent) with those tabulated in reference 9 over the pressure range plotted.
At temperatures and pressures for which ionization of argon has occurred, the results
of figure 7 provide only rough estimates of the compressibility factor Z since inter-
actions between ionized species are. not considered. For such conditions, the reader is
referred to reference 9 for more accurate values of Z.
Figure 8 demonstrates the variation in the species mole fractions for argon, as
calculated by the method of references 6 and 7 for the 10 species argon model, with
temperature for the same values of pressure shown in figure 6. Because of the high
temperatures behind incident, standing, and reflected normal shocks for the present
range of incident shock velocity, the temperature scale of figure 8 is extended (as com-
pared with fig. 6) to 100 000 K. If mole fractions greater than 10~2 are assumed to be
significant contributors, this figure shows that for p/po equal to 0.1, third ionization
(e-, Ar, Ar+, Ar++, and Ar+++) should be included at the higher temperatures of the com-
parison made previously between the present data and the data of reference 9. For the
highest pressure, p/po = 1000, an argon model including second ionization (e-, Ar, Ar+,
and Ar++) would suffice. Since calculated temperatures in region (2) are as high as
70 000 K for the present range of quiescent test-gas pressure (5 N/m2 <pj < 0.5 MN/m^J
and incident shock velocity (2 < Us < 18 km/sec), and as high as 140 000 K behind a
reflected shock (region (5y), figure 8 demonstrates the reason for employing the detailed
10-species argon model in the present calculations.
The primary purpose of presenting the data of figure 8 is to demonstrate what argon
species of the 10-species model are significant contributors over the temperature range
expected behind an incident shock (region (2)) traveling at velocities up to 18 km/sec in
argon at various values of pj. As discussed in reference 13, it is an extremely difficult
task to compare various compilations of thermodynamic properties and compositions
because of a number of reasons. As a specific example of this problem, calculated com-
positions for argon at a pressure p/po of unity and temperatures of 10 000 K, 20 000 K,
and.30 000 K are compared in reference 13 for several sources. This comparison demon-
strated relatively large differences in composition among the various species obtained
from several sources. The uncertainty in calculated species mole fractions will, in
almost all cases, exceed the uncertainty in corresponding calculated thermodynamic
properties. Now, the relatively good agreement observed in the comparison between
thermodynamic properties from the present source and that of reference 9 (fig. 6) for
p/p < 100 and T < 35 000 K tends to imply a corresponding reasonably good agreement
between major species mole fractions. Because of the unknown uncertainties in thermo-
dynamic properties for T > 35 000 K and the caution expressed.in reference 13, the
results of figure 8 should be viewed as an illustration of trends for p/po > 100 or
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Driver gas Test gas
Diaphragm




(b) Incident (moving) normal shock in test gas.
(c) Reflected normal shock from end wall.
-Hi
Model
(d) Standing normal shock at test model.
Figure 1.- Sketches illustrating shock-tube regions of interest:
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(a) Pressure
Figure 2.- Thermodynamic properties and flow velocity behind an incident
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Figure 3.- Thermodynamic properties and flow velocity behind a standing
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Figure 4.- Thermodynamic properties behind a reflected normal shock
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(i) Reflected shock velocity
Figure 4.- Concluded.
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Figure 6.- Comparison of equilibrium thermodynanric properties for argon between
method used herein.and method of reference 9, where percent difference is
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(d) Molecular-weight ratio Z*.
Figure 6.- Concluded.
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